From an investigation of how transfected DNA navigates abrogation of endosome-lysosome fusion or translocation from the cell surface to the nucleus, we have developed with microfilament or microtubule toxins, respectively, a transfection method for primary human fibroblasts that inhibits the nuclear accumulation of transfected DNA, but approaches the efficiency of viruses. We have visually interruption of lysosomal function with protease inhibitors tracked the subcellular routing of exogenous DNA and find promotes it. Second, in normal human fibroblasts, which that all cells in an asynchronous population are surprisingly are refractory to transfection, the exogenous DNA is rapidly competent in the nuclear uptake of DNA, but two steps excluded from the nucleus, but in HeLa cells, which are practically limit efficient transfection to a minority of cells.
Introduction to transfection. 3, 4, 6 Transfection is the process of experimental transfer of Here we systematically investigate the mechanism of DNA to cultured cells and arose from efforts to reprotransfection. We visually track the course of transfected duce an intact virus from infection of cells with pure viral DNA and observe that all cells are surprisingly com-DNA.
1,2 Several transfection methods have since been petent in the nuclear uptake of foreign DNA, but there developed, including CaPO 4 precipitation, electroporare two liabilities for DNA destruction that limit efficient ation and lipofection. [3] [4] [5] DNA must first cross the cell transfection to just a minority of cells: obligate routing membrane. It is thought that DNA entry with CaPO 4 prethrough the lysosome and nuclear purging of foreign cipitation occurs through endocytic vesicles 6 that later DNA. We have exploited these observations to devise a fuse with lysosomes. With electroporation, an electric transfection method for primary human fibroblasts field creates a transient pore, 7 while with lipofection, employing lysosomal cysteine protease inhibitors that DNA-lipid complexes probably enter the cell through achieves efficiency approaching viral vectors and is endocytosis. 8, 9 How the DNA is then transported through potentially applicable to in vivo gene therapy. the cytoplasm to the nucleus is unknown. A refined understanding of transfection could hasten development of virus-independent gene therapy.
Results

Several measures improve transfection efficiency. Treatment of some cells with TPA modestly improves
Visualization of transfected DNA efficiency through an unknown mechanism. 10 Glycerol
11
It has not been possible sensitively and specifically to and DMSO shock 12 slightly improve DNA uptake and are stain transfected DNA. 17 We therefore developed a protospeculatively attributable to effects upon membrane flucol for the detection of transfected DNA by PCR incoridity. 13 Chloroquine modestly improves transfection poration of BrdU triphosphate followed by immunofluoefficiency of some cells 14 (although it is inhibitory in rescent staining with anti-BrdU. (A 1522 bp fragment of others, as reviewed in Ref. 15), presumably by neutralizthe mouse MEF2A gene was arbitrarily selected as the ing lysosomal pH and inhibiting DNA degradation. 15, 16 initial DNA.) The localization of DNA with respect to Nevertheless, transfection remains unsuitable for gene lysosomes (counterstained with antiserum to the lysosotherapy applications because it is inefficient compared mal cysteine protease cathepsin B) was observed at sevwith viral vectors and because primary human cells, in eral time-points following CaPO 4 transfection of primary human fibroblasts (Figure 1 ). At 0.5 h after transfection, the transfected DNA (green) appears in a faint granular centripetal cytoplasmic pattern that is largely distinct and pattern suggest an endosomal distribution. 18, 19 By uniform nuclear staining begins to appear. The nuclear staining reaches peak intensity 8 h following transfection. 1 h after transfection this staining has intensified and has grossly concentrated in the perinuclear region, somewhat At 16 h, the staining are less apparent and nearly absent from the nucleus. By 40 h, staining is confined to large, overlapping (yellow) with the cathepsin B staining. The pattern and timing are consistent with central migration vacuolar cytoplasmic granules, typical in appearance for residual bodies. This experiment reveals that transfected of the endosomes and fusion with lysosomes.
19 At 2 h,
1315
DNA is possibly sorted through endosomes and lysolysosomes to be completed. Now in the presence of vinblastine, the DNA is visible only in the apparent lysosomes, enters the nuclei of all cells in an asynchronous population, and is short-lived in the nucleus.
somes, and nuclear accumulation of DNA is inhibited. Treatment with cytochalasin B at this time appears to have no effect, presumably because the DNA has already Inhibition of transfection with inhibitors of endosomal fusion and lysosomal translocation completed transit through the endosomes. These experiments support the possibility that endosomal and lysosoEndocytosis may be inhibited by blocking the intracellular movement of endosomes and lysosomes with drugs mal transport is obligatory in the nuclear delivery of transfected DNA, although we cannot exclude the possithat depolymerize microtubules such as vinblastine, while the fusion of endosomes with lysosomes may be bility that the effects of filament disruption may extend beyond trafficking. inhibited with cytochalasins, which interrupt microfilament formation. 16, [19] [20] [21] [22] In order to confirm the subcellular distribution of transfected DNA, we transfected BrdUEndosomal-lysosomal distribution with electroporation and lipofection labeled DNA in the presence of these inhibitors. In the top row of Figure 2 , the inhibitors were added to the culWe examined the distribution of DNA when it is introduced by lipofection or electroporation. At 3 h after transture media at the same time as the DNA precipitate, and cells were stained at 8 h following transfection. Vinblasfection, the DNA is present in cytoplasmic granular structures that overlap to some degree with lysosomal staining tine inhibits intracellular DNA entry, adding support to the contention that DNA uptake occurs through endofor cathepsin B (arrowheads, Figure 3 ). For lipofection, a significant accumulation of DNA remains apparent at the cytosis. In the presence of cytochalasin B, the DNA is confined to peripherally distributed nonlysosomal granules cell surface. (For both of these methods there is no nuclear staining evident at 3 h. Nuclear accumulation (versus the predominantly nuclear accumulation at 8 h in the absence of inhibitors, as shown in Figure 1 ), suggestdoes occur eventually at later time-points, but is less intense than that observed with CaPO 4 -mediated transing that DNA transport is blocked at the point of fusion of endosomes with lysosomes. In the bottom row of Fig- fection (not shown) ). Electroporation of proteins and dyes produces a uniform cytoplasmic staining, indicating ure 2, the inhibitors were added to the culture media 3 h following the addition of DNA, allowing time for that the pores provide direct access to the soluble phase of the cytosol, 7 and it is thought that DNA transfected endocytosis of the DNA and fusion of endosomes with To determine why, we performed time-course however, an inefficient process. For primary human fibroblasts, less than 10 −3 will express proteins from a studies. We found no evident difference in lysosomal activity (not shown). However, transfected DNA in the transiently transfected expression plasmid. 3, 4, 6 Our results, taken together with the observations that lysonuclei of HeLa cells is stable at prolonged periods following transfection (Figure 5b ), in contrast to its absence at somes readily hydrolyze DNA 24 and that transfected DNA is substantially damaged, 25 suggest that a limiting 40 h for primary human fibroblasts (compared with Figure 1) . The transfected DNA persists in HeLa cells even step in transfection may be lysosomal destruction or denaturation.
through cell division (note mitotic figures, arrowheads, Figure 5b ). We conclude that the efficient transfectability The original rationale for testing chloroquine treatment as a means of improving transfection efficiency 14 was of HeLa cells probably results from their incompetence in the nuclear elimination of transfected DNA. HeLa cells, based on the observation that chloroquine is an inhibitor of the lysosomal cysteine protease cathepsin B. 26 We have however, appear to remain capable of differentiating between endogenous and exogenous DNA, as the transfound that cells genetically deficient in lysosomal protease function, including cathepsin B, 27 the carboxypeptifected DNA fails to condense into mitotic chromosomes and uniformly stains in nucleoli (right panel, Figure 5b ). dase cathepsin A (absent in the disease galactosialidosis), or the lysosomal targeting enzyme N-acetylglucosamine-1-phosphotransferase (absent in I cell disease), are more Discussion efficiently transfected (unpublished). We therefore tested whether treatment of cells with lysosomal protease Exogenous linear, double-stranded DNA is readily taken up and accumulates in the nuclei of all cells in an asyninhibitors could improve transfection efficiency. Since chloroquine is an amine, and other inhibitors of lysosochronous population, even though relatively few cells are detectably transfected (as judged by the criteria of mal function have an amine center as a common structural feature, 16 we investigated tri-peptidyl aldehyde expression of a foreign gene). Therefore, it does not appear that delivery of DNA across the cell surface is a cysteine protease inhibitors (LLnL, Z-LLL, LLM and E-64) structurally related to chloroquine. These compounds limiting factor in transfection efficiency. Instead, we hypothesize that it is the integrity of the DNA, once it differ in lipid solubility and specific cysteine protease inhibition. 16, 28 has reached the nucleus, that is significant. We identify two intracellular steps that likely contribute to DNA Brief treatment of primary human fibroblasts with LLnL or Z-LLL markedly improves CaPO 4 and lipofecdestruction. First, independent of the method of transfection, nuclear localization of transfected DNA appears to tion-mediated transient transfection of a ␤-galactosidase expression vector as judged by X-gal staining (Figure 4a) , require transport through vesicular compartments that we provisionally have identified as endosomes and lyso-DNA. Except during mitosis, at which time the DNA is highly condensed into nucleoprotein chromatin somes. Our results are then in agreement with a previous observation that, at least for CaPO 4 -mediated transfecstructures, DNA is never found within the cytoplasm or outside of membrane-bound organelles (nuclei, tion, DNA moves directly to the nucleus through an endosomal-lysosomal vesicular transport system. 15, 29 mitochondria or chloroplasts). In contrast, since both single-and double-stranded RNA is freely soluble in the Second, the transfected DNA is rapidly eliminated from the nuclei of primary human fibroblasts, through a procytoplasm (as a component of, or when complexed with, free ribosomes), it is reasonable to propose that the cess that apparently fails in HeLa cells. An implicit conclusion of our studies is that DNA can transit the nuclear chemical signals for the subcellular localization of DNA reside on the deoxyribose moiety. For the case of polyenvelope, eliminating a hypothesis that a round of cell division, with dissolution of the nuclear membrane, is peptides, the lysosomal localization signal is post-translational modification with mannose-6-phosphate 35 and, required for DNA entry into the nucleus. 30 We caution that our observations with labeled DNA have been made so with DNA, similar recognition of a carbohydrate unit might also occur. We are currently systematically chemiexclusively with linear double-stranded DNA fragments, and that these might behave differently to plasmid DNA.
cally substituting DNA in order to define the positions on the molecule relevant for subcellular routing. For example, microinjection of oligonucleotides indicates that short, linear, single-stranded DNA rapidly diffuses Primary human fibroblasts are particularly refractory to transfection, 36-38 but because these cells are not transto the nucleus whereas large supercoiled plasmid DNA does not. [31] [32] [33] [34] A second limitation of our methods is that formed, they are useful in the study of normal cell function 37 and may be attractive targets for DNA transfer in BrdU-labeled DNA may be relatively resistant to lysosomal degradation and that the kinetics of nuclear accumugene therapy. 38 Brief treatment of primary human fibroblasts with either of two lysosomal cysteine protease lation may not be representative of native DNA; this possibility cannot be formally excluded.
inhibitors, LLnL or Z-LLL, markedly improves transfection efficiency. The presumed effect of the protease These observations invite the question of what serves as the lysosomal and nuclear localization signals for inhibitors on transfection efficiency is to prevent the maturation of lysosomal nucleases and thereby the the genomic integration of foreign DNA through just such a mechanism. 42 hydrolysis of DNA. Although it is not known whether lysosomal nucleases are proteolytically activated from There is some practical import of our results with respect to the refinement of strategies for human therapy zymogen precursors, there is evidence for a proteolytic cascade in the maturation of hydrolases in the yeast vacuby gene replacement or antisense. The pharmacological properties of tri-peptidyl aldehyde cysteine protease ole, which is the equivalent of the lysosome. 39 In contrast to primary human fibroblasts, HeLa cells inhibitors have been investigated as potential treatments for muscular dystrophy, cancer and cataracts; in vivo inhiare readily transfectable at high efficiency. This distinction cannot be accounted for by obvious differences in bition of the lysosome in animals can be achieved with systemic administration of nontoxic doses. 43 For patients DNA uptake or lysosomal processing. Time-course studies in primary human fibroblasts suggest that the bulk of undergoing gene therapy, it is conceivable that treatment with a pulse of these drugs could improve gene transfer transfected DNA is rapidly eliminated from the nucleus following a period of brief accumulation. This purge rates. We would further suggest that approaches aimed at increasing gene delivery to the cell surface through, takes place before mitosis resumes following transfection. A significant finding in HeLa cells is that the transfected for example, the manipulation of cell receptors, are less likely to result in substantial gains in efficiency than are DNA persists in the nucleus for a prolonged period of time. A possible explanation for the high efficiency transmethods aimed at facilitating the intracellular routing of DNA to the nucleus. Since transit through the lysosome fection of HeLa cells is that they are defective in a second step involving the nuclear elimination of exogenous is an unavoidable prerequisite for ultimate nuclear delivery, hyper-glycosylation of DNA to increase its lysosomal DNA that normally functions in primary cells. In primary fibroblasts, the transfected DNA is persistent for a longer uptake might also improve gene transfer efficiency.
Continued refinement of high efficiency transfection protoperiod of time in the nucleus following treatment with the protease inhibitors (not shown), conceivably suggestcols may offer an eventual means to gene therapy independent of the limitations and complications of viral ing that DNA damage serves as the signal promoting the removal of the exogenous DNA. In fact, it is possible that vectors. HeLa cells have a particular defect in at least the recognition of the BrdU-labeled DNA used in our experiments
Materials and methods
or, more generally, damaged DNA. Indeed, transfection causes cells to transiently arrest in G1 and induces p53. 40 In HeLa cells, p53 is inactive as a consequence of complex Cell culture Primary human foreskin fibroblasts were obtained at formation from the papillomavirus E6 and E7 proteins. 41 Interruption of the DNA damage inducible G1 arrest passage six and were a gift from A Saulewicz (University of Washington, Seattle, WA, USA). (Identical results were with drugs, such as caffeine, that override this checkpoint, may be a potential secondary strategy for further obtained with primary fibroblasts obtained through dermal biopsy from three different individuals.) They were improvements in transfection efficiency that we are currently testing. A supportive observation is that cultured in MEM medium with Earle's BSS, 2 × concentration of essential and nonessential amino acids and vitexpression of papillomavirus E6 or E7 proteins promotes amins, and 20% fetal bovine serum in the presence of 1% K 4 Fe(CN) 6 , 5 mm K 3 Fe(CN) 6 , 1 mm MgCl 2 , and 1 mg/ml X-gal. Quantitative ␤-galactosidase assay on ONPG subpenicillin and streptomycin, with the final pH of the media adjusted to 7.40 with NaOH. HeLa cells were strate was performed by freeze-thaw lysis of cells collected by scraping from tissue culture plates as obtained from ATCC (Rockville, MD, USA). These cells were grown in DMEM with 1% penicillin and streptodescribed. 48 All quantitative assays were performed at least in triplicate and confidence intervals representing mycin, supplemented with 10% fetal bovine serum. Cells were grown in a humidified 37°C incubator with 5% CO 2 the standard error of the mean are shown. as adherent cultures on plastic dishes and passaged at confluence by trypsin-EDTA treatment. All cell culture 5-Bromo-2′deoxyuridine (BrdU) labeling of DNA PCR with a 1:1 ratio of dTTP and BrdUTP was used to reagents were purchased from GIBCO BRL (Gaithersburg, MD, USA).
label DNA specifically. 49 The 1522 bp DNA was amplified from the mouse MEF2A gene (GenBank X63381) using primers corresponding to nucleotides 415-434 and Transfection Lipofectin was obtained from GIBCO BRL and used 1937-1919 44 or ptgCMVHy/TK, 45 and 24 h followimmunofluorescent staining with BrdU-DNA antibody and simultaneous costaining with cathepsin B antiserum ing transfection, trypsinized and replated in a 250-mm plate in the presence of 0.25 mg/ml active concentration to counterstain lysosomes. Cells were fixed on the plastic dish for 3 min at room temperature with 50% methanolof G418 (GIBCO BRL) or 7.5 U/ml hygromycin B (Calbiochem, La Jolla, CA, USA), respectively. After 7 50% acetone, washed three times in PBS, and incubated for 60 min at room temperature with 0.4 g/ml of mouse days, the concentration of G418 and hygromycin B was reduced by one half. Cells were cultured for a total of 21 monoclonal IU-4 BrdU-DNA antibody (Caltag, South San Francisco, CA, USA) and 1:200 of rabbit cathepsin B antidays, then stained with crystal violet in order to count resistant colonies. For electroporation, 10 7 trypsinized serum (Athens Research, Athens, GA, USA) in PBS and secondary detection by incubation for 30 min at room human fibroblasts were resuspended in 400 l PBS containing approximately 6 g DNA (including 5 g temperature with 20 g/ml fluorescein-or rhodamineconjugated, noncrossreactive, donkey anti-mouse or antipCS2+␤-gal plasmid carrier DNA plus approximately 1 g BrdU PCR products (see below)), chilled on ice for rabbit, respectively, antibodies (Jackson Labs, West Grove, PA, USA) in PBS. (We found acid treatment to 10 min then discharged in a 2-mm gap cuvette with a BTX Electro Cell Manipulator 600 (San Diego, CA, USA) denature DNA to be an unnecessary step with the IU-4 antibody.) Nuclei were counterstained by incubation for with field strength of 3.0 kV/cm and pulse length of 0.5 ms, chilled again on ice for 10 min then immediately 3 min in 0.5 g/ml DAPI in PBS. Epifluorescence and phase contrast photomicroscopy were performed on a replated. The inhibitors were added to the tissue culture media with the CaPO 4 -DNA or lipofectin-DNA mixture, Zeiss Photomicroscope III (Thornwood, NY, USA) with 25 × plan-neo objective using 45 s exposure on Kodak and were not replaced after the cells were later fed with fresh media. Z-LLL 28 was provided by MyoGenics Ektachrome P1600 film (Rochester, NY, USA), processed by one stop push of E6 protocol, scanning of trans-(Cambridge, MA, USA). LLnL, LLM, E-64, cytochalsin B and vinblastine sulfate were from Calbiochem. Stock solparencies on to a Kodak Photo CD, and image compositing with Adobe Photoshop (to crop, resize, adjust utions were dissolved in DMSO or, for vinblastine, methanol. All other reagents were from Sigma (St Louis, brightness/contrast and overlay images) and Illustrator software (Mountain View, CA, USA) for Macintosh with MO, USA). All plasmids were prepared on Qiagen (Chatsworth, CA, USA) columns.
images printed on a Tektronix IIsd dye sublimation printer (Beaverton, OR, USA). Images were collected serially with fluorescein, rhodamine and phase/DAPI band-X-gal staining and ␤-galactosidase assay The ␤-galactosidase test vector was pCS2+␤-gal, containwidth filters. ing a simian CMV promoter-enhancer driving the E. coli lacZ gene.
46,47 Cells were fixed on plates by incubation Nucleic acid blotting DNA and RNA were purified 40 h after CaPO 4 transient for 5 min in 4% paraformaldehyde in phosphate-buffered saline (PBS) and ␤-galactosidase activity was detected by transfection of primary human fibroblasts with 5 g pCS2+␤-gal using the TRIzol reagent (GIBCO BRL) staining for 2 h in PBS to which was added 5 mm
